European mitochondrial alleles cluster into ¢ve haplogroups. Haplogroup 2 is rare in general, but represents more than half of the few known sequences among Ladin speakers of the Alps. Here we describe DNA diversity in control region I of the hypervariable D-loop in 43 Ladins, and in 25 Italian speakers. Analysis of these data, and of previously published sequences, con¢rms a high degree of di¡erentiation among Ladins and their geographical neighbours. This cannot be regarded as a simple e¡ect of isolating factors, geographic or linguistic, as diversity is high within Ladin communities too. Rather, allele genealogies, population trees, and principal component analysis suggest a relationship between Ladin and Near Eastern samples. Two evolutionary hypotheses seem compatible with these ¢ndings. The view whereby Ladins could be descended from Palaeolithic inhabitants of the Alps is supported by the identi¢cation, in this study, of the probable ancestral haplotype of group 2, never previously observed in central Europe. Alternatively, a comparatively recent, Neolithic immigration of the ancestors of current Ladin speakers seems consistent with recent linguistic theories. In both cases, the number of lineages present, and their extensive diversity, are not compatible with a serious bottleneck in the Ladin population's history.
INTRODUCTION
The increasing amount of molecular data available is providing us with deeper insight into past evolutionary processes. However, by itself the simple accumulation of genetic data has seldom proved su¤cient to answer the main open questions. Analyses of di¡erent polymorphisms, for example, may lead to di¡erent evolutionary inferences (e.g. Jorde et al. 1995) , both because of sampling e¡ects and because molecular evolution and demographic changes seldom occur at the same time-scale.
In humans, however, independent information on population history is provided by archaeology and linguistics. In particular, because biological and cultural di¡erences tend to increase in isolationöthe lesser the contacts the faster the divergenceölinguistic barriers are often associated with increased genetic variation (Barbujani & Sokal 1991) . In this study we investigate the genetic e¡ects of geographic and linguistic subdivision in an area of the Alps where high mitochondrial di¡erentiation was observed both between and within populations (Stenico et al. 1996) . In the median networks (Bandelt et al. 1995) inferred from European mitochondrial allele genealogies, ¢ve groups of evolutionarily related haplotypes have been recognized . The oldest of these, haplogroup 2, the lineages of which coalesce at an ancestor living approximately 36 500 years ago, has frequencies lower than 20% all over Europe (Torroni et al. 1996) , but greater than 60% in the only known Ladin-speaking samples (Stenico et al. 1996) . The high internal diversity observed among Ladins suggests genetic drift is not a su¤-cient explanation for that. Rather, the ancestors of these Ladin populations (but not of their linguistic relatives, the Swiss speakers of Romansch) were probably a¡ected by gene £ow processes that had a lesser impact upon their neighbours (Stenico et al. 1996) . It was not known to what extent other Ladin-speaking communities share the same characteristics.
For this study we collected new samples of Italian and Ladin speakers. Sequences of German-speaking individuals (the main language group in the eastern Alps) from Stenico et al. (1996) were also considered. We looked for areas of agreement between our results and the hypotheses emerging from archaeological and linguistic studies, with special emphasis on the evolutionary relationships between the Ladins and the people who expanded from the Middle East in Palaeolithic and Neolithic times (see Cavalli-Sforza et al. 1994) .
LANGUAGES IN THE ALPS
Three Indo-European languages are currently spoken in the eastern Italian Alps: German, Italian and Ladin. The ¢rst belongs to the Germanic family, whereas Ladin and Italian are Romance languages (Ruhlen 1991) . Even closer linguistic relatives of Ladin are Romansch and Friulian, both spoken by small groups dwelling, respectively, in the mountains of eastern Switzerland and of north-eastern Italy. Virtually all Ladin speakers are bi-or trilingual, with German generally being their second language. This is in contrast with the view that Ladin could simply be an Italian dialect. Although German and Italian are now more widespread in the Alps, the distribution of toponyms attests to a much broader di¡usion of Ladin, or of a related language, in the early middle ages (Pellegrini 1991) . Many members of the Ladin communities consider themselves as the`original' inhabitants of the area, which appears di¤cult to assess based upon historical evidence (Pauli 1981) . However, the Italian speakers are known to be the most recent immigrants. Levels of admixture among communities have never been quanti¢ed, but the geography of the area, characterized by mountain barriers and narrow valleys, suggests subdivision and isolation have long been substantial.
MATERIALS AND METHODS

(a) The samples
Sixty-eight specimens, from apparently unrelated individuals, were sampled for this study. Forty-three subjects were from the three valleys of the Alps where most Ladin speakers are concentrated, namely Badia, Fassa and Gardena (13, 14, and 16 individuals, respectively). In addition, 25 Italian speakers from a neighbouring area in Veneto were also sampled (see ¢gure 4).
(b) Control-region sequences DNA was extracted from fresh whole blood by the classical protocol (Maniatis et al. 1982) and mtDNA was ampli¢ed using the primers L15926 and H408. A sequence of 360 bp within the ¢rst hypervariable segment, between positions 16 024 and 16 383 of the Cambridge reference sequence (hereafter referred to as CRS; Anderson et al. 1981) was obtained by thermo sequenase TM cycle sequencing (Amersham kit), using the L15997 and/or H16401 primers (Vigilant et al. 1991) . Variable positions in the sequence are here indicated by the numbering of the CRS less 16 000.
(c) Genetic diversity within samples
In populations at equilibrium, levels of molecular variation are proportional to population size (N) and mutation rate (u).
The parameter describing their joint e¡ects is 2Nu; Tajima's statistic, D, is the ratio of two independent estimates of , obtained, respectively, from the pairwise di¡erences between sequences, and from the number of polymorphic sites in the sample (Tajima 1989a) . Departures from the mutation^drift equilibrium result in discrepancies between estimates, with negative D values often re£ecting population expansions (Tajima 1989b ). Tajima's statistic was calculated separately for each sample, and jointly for groups of linguistically homogeneous samples.
(d) Other samples considered
Other mitochondrial sequence data were used in this study (listed in table 1). Because they came from the same valley, in all comparisons among populations the Ladin sequences from Selva Val Gardena of Stenico et al. (1996) were pooled with the 16 sequences from Gardena valley obtained in this study.
(e) Genetic distances
Sequence di¡erences between individuals were quanti¢ed by Kimura's two-parameter distance (Kimura 1980) . Because mutation rates vary across sites, a G distribution of mutation probabilities was assumed (Wakeley 1993) , whose a parameter was set at 0.47, in agreement with approximations derived by Wakeley (1993) for the ¢rst hypervariable region of the mitochondrial genome. The distances calculated accordingly by the MEGA package (Kumar et al. 1993) will be referred to as Gdistances.
Genetic distances between populations were also G-distances, estimated between individuals of di¡erent samples, and corrected for within-sample variation. If the average G-distances within samples A and B are m a and m b , and the average distance between members of the two samples is I ab , the distance between populations is
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Proc. R. Soc. Lond. B (1998) Calafell et al. (1996) (f) Evolutionary trees The inferred genetic relationships among samples and individuals were represented in tree form using the neighbour-joining method (Saitou & Nei 1987) . To root the trees, an African population, western Pygmies (Vigilant et al. 1991) , and an individual from the same population (HMSTDL001) were chosen as outgroups.
(g) Principal component analysis
Mitochondrial variation was also summarized by principal component analysis. The plot of the ¢rst two principal components allows one to represent population relationships in a twodimensional plane. As a preliminary step, we calculated for each European sample the frequencies of the haplogroups recognized by Richards et al. (1996) , treating the CRS as a separated entity. In this way, the overall number of haplogroups considered was six. Their frequencies were normalized, and synthetic variables were calculated from the correlation matrices between normalized frequencies.
(h) Genetic boundaries
The sampling localities of the Alps were connected by a Delaunay network (Brassel & Reif 1979) , a graphical method to de¢ne adjacent points on a map. Lines of maximum genetic di¡erentiation were traced perpendicular to the edges of the network associated with the highest D ab genetic distances, and continuous lines, or genetic boundaries (Barbujani et al. 1989) , were then drawn according to Monmonier's (1973) algorithm.
RESULTS
Fifty-seven distinct region-I haplotypes were identi¢ed among the 68 individuals sequenced. Overall, 68 sites were polymorphic. The CRS, the most common mitochondrial sequence in Europe, was found only once among Ladins, in Fassa. One individual from Gardena di¡ered from the CRS only by a transition in position 126. This sequence is considered the common molecular ancestor to all haplogroup 2 haplotypes, and it has been previously described in the Near East (Di Rienzo & Wilson 1991), but neither in eastern nor in central Europe. As for the frequency of haplogroup 2, Veneto had 12.0%, Fassa 35.7%, Badia 24.9%, whereas in Gardena we observed a combined frequency of 63.0% for the 26 individuals of this and of the previous study.
The average pairwise di¡erence between sequences of the same sample varies from 4.7 (Badia) to 5.6 (Veneto), with Fassa and Gardena showing the same value, 5.1. Although lower than comparable estimates in Africa (e.g. Graven et al. 1995) , this level of mitochondrial di¡erentia-tion is higher than commonly observed in Europe, even within urban populations (see Stenico et al. 1996) There is a limited clustering of geographically or linguistically close individuals in the neighbour-joining tree of the eastern Alps sequences (¢gure 1). A cluster comprising 40 individuals, 30 of them Ladin speakers, corresponds to sequences that Richards et al. (1996) classi¢ed as haplogroup 2. Within it, most sequences of two Ladin localities, Gardena and Santa Lucia, fall in a subcluster corresponding to haplogroup 2B, and most sequences from Fassa fall in another subcluster, corresponding to haplogroup 2A. Sequences from Badia are scattered in the tree.
Genetic distances between populations range from 70.008 (between two Italian-speaking samples) to 0.228 (between German-speaking Mocheni and one Ladinspeaking sample). Occasional negative distances are expected when within-sample diversity is high, as is the case in human mitochondrial studies. After adding a constant (which does not a¡ect the successive results) a population tree was constructed (¢gure 2). Its short branches show that populations do not di¡er much. The only exception seems to be a group including Gardena and Santa Lucia, showing higher divergence, and appearing genetically related to the Middle East population; a third Ladin sample, Badia, falls in the same cluster. The closest evolutionary relatives of these populations seem to be the German-speaking populations of the Italian Alps. In addition, essentially all populations of the Alps occupy the upper part of the dendrogram, whose lower part contains an apparently random aggregation of the other European samples.
In the plot of the ¢rst two principal components, jointly accounting for 67% of the overall variance (¢gure 3), three Ladin localities and the Near Eastern sample show negative values of the ¢rst component. All other samples form a loose cluster in the right part of the graph. The three Ladin samples are then separated from the Middle Eastern sample along the second axis, where the Alps populations, regardless of their language, appear genetically distinct from all other European populations. In the neighbour-joining tree, the outlier among Ladin samples was Fassa, whereas here it is Badia. This, and other limited discrepancies are due to the fact that molecular di¡erences between alleles of the same haplogroup are irrelevant for this kind of principal component analysis, but a¡ect the topology of the evolutionary tree.
Zones of sharp genetic di¡erentiation separate two Ladin localities, Santa Lucia (¢gure 4, boundary 1) and Gardena (¢gure 4, boundaries 2 and 3), from the other samples. Part of genetic boundary 2 divides the northwestern from the south-eastern region, and surrounds the geographic and linguistic isolate of Mocheni. Because this method is not associated with a test of signi¢cance, the number of boundaries one can trace is arbitrary; we chose to identify only three, given the limited number of samples available. The fourth boundary, however, would separate another Ladin locality, Badia, from all other samples. The genetic di¡erentiation of Ladin samples, each of them from one another and all of them but Fassa from the non-Ladin samples, is con¢rmed by this geographically constrained clustering method.
DISCUSSION
In a previous paper (Stenico et al. 1996) some mitochondrial haplotypes that are rare or absent elsewhere were shown to reach high frequencies in two Ladin communities. The observed, high internal diversity ruled Mitochondrial lineages in Ladin speakers of the Alps M. Stenico and others 557 Figure 1 . Unrooted neighbour-joining tree of 68 sequences of this study and 70 sequences from Stenico et al. (1996) . VT, Veneto; LB, Badia; LF, Fassa; LG, Gardena; other populations coded as in table 1. The ¢rst letter of the code refers to the language spoken (G German; I Italian; L Ladin, except Veneto (VT)); numbers in brackets refer to the number of sequences of the same sample occurring at the same branch of the tree. out the possibility that those communities could have simply lost di¡erent alleles under severe isolation. Indeed, population genetics theory demonstrates that small isolates are unlikely to maintain high genetic diversity. Therefore, with the exception of Mocheni, the populations of the eastern Italian Alps seemed to have evolved under a more complicated set of factors, probably including di¡erent contributions from di¡erent immigrating groups of females.
The present study shows that haplogroup 2 is common among Ladin speakers in general, and not only in the two localities studied by Stenico et al. (1996) . Frequency di¡er-ences exist, with the widest valleys (Fassa and Badia) showing less uncommon mitochondrial characteristics than Gardena and the isolated village of Santa Lucia. As shown by Tajima's tests, in no language group are populations at mutation^drift equilibrium.
It seems that the Ladin linguistic unit can also be regarded, by and large, as a reasonably compact evolutionary unit. Ladin speakers share with their neighbours the non-equilibrium distribution of mitochondrial sequence variation, and di¡er from them in the frequency of one set of evolutionarily related haplotypes. Two open questions are where these haplotypes come from, and when? The ¢rst question is simpler to answer. The overall similarity observed here between Ladin and Middle Eastern populations, and the high frequency of haplogroup 2 alleles in the Middle East (Sykes et al. 1996; Richards et al. 1996) , suggest an oriental origin of these genes. Alternatively, an origin somewhere near the Alps followed by an eastward spread is conceivable in principle, but is not supported by any known demographic process a¡ecting Europe (Cavalli-Sforza et al. 1994) .
The timing of the arrival of haplogroup 2 alleles in the Alps is more di¤cult to de¢ne with a reasonable degree of con¢dence. There is little doubt that two main demographic expansions from the Near East, approximately along the same routes (Richards et al. 1997) , contributed to the peopling of Europe; their relative importance, however, has yet to be established Barbujani et al. 1998) . The ¢rst process corresponded to the initial, Palaeolithic spread of Homo sapiens sapiens, and the second one was the Neolithic dispersal of early farmers. These were largescale phenomena, and it may well be that some localities, especially those in the mountains, were a¡ected only to a limited extent by the major, continent-wide demographic transitions. Therefore, one could reformulate the question above by asking which of the following processes is most likely: (i) haplogroup 2 was common among the ¢rst Europeans, and then it was diluted in most groups, but less so among Ladins; (ii) haplogroup 2 was typical of Neolithic farmers, whose genes gave a greater-thanaverage contribution to the genetic make-up of Ladins; or (iii) haplogroup 2 was carried to the Alps by recent immigrants whose mitochondrial genes had a strong Middle Eastern component. Sykes et al. (1996) observed that two subgroups of haplogroup 2 seem to have appeared less than 12 000 years ago in Europe but earlier on in the Middle East, and suggested that they spread with the Neolithic farmers. Conversely, another subset characterized by two transitions at 126 and 294, called IIC in Sykes et al. (1996) and 2B in Richards et al. (1996) , appears to be more than 30 000 years old both in Europe and in the Middle East, which was regarded as evidence for a Palaeolithic spread of the individuals carrying it. Because most alleles of the Ladins fall in subgroup 2B, one could conclude that ancestral characteristics of the ¢rst Europeans were maintained in the Ladin valleys; this is what we called process (i). The presence among Ladins of the probable ancestral haplotype of subgroup 2B (carrying a transition at 126) is another element in favour of this view, although not proof, because the age of haplotype and the age of the population where it is found are not necessarily the same. However, the Alps were not suitable for continuous human presence until 15 000 years ago, and the oldest human remains near the area we studied can be dated at 12 000^13 000 years ago (Broglio 1993). Therefore, a common origin of current Ladin speakers in the Palaeolithic implies that their ancestral group maintained cohesion through long evolutionary times while moving across di¡erent localities.
The alternative view, whereby haplogroup 2 appeared comparatively recently in the Alps, stems from the proposal of a relationship between Ladin and some Slavic languages (Alinei 1996) . This view is not prevalent among linguists (e.g. Ruhlen 1991 ). However, if we follow it for the sake of the argument, the historical scenario emerging is one in which mining technologies, introduced in the Alps around 4000 years ago, were carried by immigrants from eastern Europe, or perhaps simply attracted them. The model does not specify whether these immigrants were also the ¢rst farmers expanding in Europe (process (ii)), or if they reached the Alps through a more localized migration movement (process (iii)). The latter appears unlikely, because the mtDNA sequences present at high frequencies among Ladins have also been found, albeit rarely, all over Europe.
It seems then that both process (i) and process (ii), namely a Palaeolithic and a not-so-recent Neolithic population genealogy, can be reconciled with the observed patterns of mitochondrial diversity, even though no simple mechanism is su¤cient to account for all the features of mitochondrial DNA diversity in the Alps. Future analyses of ancient DNA may clarify the picture. For the moment, it is clear that, although numerically small (a few tens of thousand individuals), the Ladin-speaking isolates of the Italian Alps are both internally di¡erentiated and genealogically related. This suggests they evolved from a common pool of ancestors without passing through severe bottlenecks.These ancestors (whatever their original geographical location) formed a single group long before the current linguistic identity was established. As is customary for human populations (Barbujani et al. 1997) , admixture has reduced, but not completely erased, the di¡erences between them and their geographical neighbours. Gardena and Santa Lucia were presumably more isolated, whereas the frequencies of haplogroup 2 in Badia and Fassa (still high, but comparable to the frequencies observed among German speakers) suggest that these localities were exposed to higher rates of female-related gene £ow.
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